The 150th anniversary of the periodic table of elements highlights its tremendous role in chemistry, physics, biology, astronomy, philosophy, and engineering as a shining scientific breakthrough, shedding light on the fundamental laws of nature. Nanoscience and nanotechnology are multidisciplinary, focusing on nanoscale materials and processes, in which a variety of elements are used and single atoms are often manipulated. In this Perspective, we present a new viewpoint on what the renown periodic table can offer to researchers working on nanomaterials.
applications, such as templating for MnO 2 molecular octahedral sieves and also for superconductive fullerides. 7 The other selements play minor roles in nanotechnologies, serving as needed counterparts in different ionic compounds. For example, Ca is used in biomineralization and mesocrystal growth 8 and Mg forms piesoelectrics and alumosilicate minerals with structural nanocells and is used in the form of light alloys for hydrogen storage.
Atomic number growth in table periods results in the compaction of the atomic radii and an increase of ionization potential. Also, p-electrons come into play in the second period of the table of elements, leading to the formation of strong, oriented covalent bonds for most compounds of B, C, N, and O and anion formations for electronegative O and F. p-Electrons lead to conjugated π-bonds in addition to σ-bonding, and this new ability leads to a large number of inorganic polymers. As a result, various one-, two-, and three-dimensional (1D, 2D, 3D) nanomaterials are formed for B, C, and N, including fullerenes, graphene-or BN-mimicking analogues, nanotubes, MXenes, C 3 N 4 , nanodiamonds, etc. This group is the largest and fastest growing class of nanomaterials initiated through the nanotechnology revolution and the related meteoric rise of nanotechnological architectures used in the creation of supercapacitors, batteries, molecular electronics, fuel cells, sensors, and advanced construction materials. 3,7,9−16 Oxygen, being the most active oxidizing agent of the surrounding environment, plays a generalized role in this group: It forms a number of stable Figure 1 . Frequency of usage of chemical elements of the periodic table in nanotechnology. The plot is drawn using expert opinions and analysis of ACS Nano publications; higher neon glow bars correlate with the elements' contribution to the nanotechnology field; green cells denote radioactivity; and the f-element families are not shown, they are marked with "La" and "Ac". solid phases with different metals and drastically adjusts the physical and chemical properties of derived oxide nanoparticles.
Aluminum. As an example of nanotechnologically vital compounds between p-metals and p-nonmetals, various forms of aluminum oxide are used in a wide range of applications, including anodic alumina, 1D photonic crystals, porous ceramic membranes, superionics, and mesoporous systems. 17 In these materials, O and Al form a stable crystal lattice with bonds that are intermediate between purely ionic and covalent. Heavier analogues, such as In and Ga (eka-aluminum by D. Mendeleev), enter different nanotechnological niches such as transparent indium tin oxide (ITO) conductors, semiconducting lightemitting diodes (LEDs), quantum dots (GaN, InP), and the preparation of nanostructures by focused ion beams (see Figure  2 , for example). 18−20 Silicon. In terms of properties and applications, Si is distinct from its light analogue (C), but remains a leading p-nonmetal in terms of semiconducting, nanostructured materials (porous and black Si, SiC, etc.). It is used in nontoxic quantum dots and solar cells, for photodynamic therapy and fluorescent biological labels, as an anode of Li-ion batteries (nanoparticles or nanowires) with record properties, for traditional and soft lithography and for atomic force microscopy cantilevers. In addition, silica forms traditional insulator layers in nanoelectronics, various nanoparticle shells and layers, or mesoporous nanomaterials, drugdelivery capsules, photonic crystals, and nanocell zeolites. 21−24 In contrast, Ge (eka-silicium by D. Mendeleev), although widely researched, is limited in applications to semiconductor nanostructures and thermoelectric materials. Tin dioxide is used as an important component of transparent conductors in solar cells and electronics as well as in semiconducting sensors. 25, 26 Lead has created interest in a new generation of solar cells and quantum dots based on lead halide perovskites, and group IV materials from Si to Sn are now available as atomically thin 2D sheets (silicene, germanine, and stannine), in spite of the lack of weakly bonded precursors.
PNICTOGENS IN BIOMATERIALS, ENERGY STORAGE, AND SMART MATERIALS
Phosphorus, which is a versatile analogue of N (the lightest pnictogen), is known for its roles in biomineralization and in forming biomaterials and some semiconducting nanomaterials (e.g., InP). 18, 19 A special case is olivine, of the LiFePO 4 family, which is widely used in cathodes of Li-ion batteries. 27 The 2D allotrope of P, phosphorene, is attracting a great deal of attention and is being widely researched. 28 Other elements of this group demonstrate distinctly different applications. For example, arsenides are used in LEDs, semiconducting nanostructures, quantum dots, wires, and heterostructures and as a promising component of solar cells. 29 Antimony is a part of transparent oxide conductors, semiconductors, and thermoelectric materials. 30 Compounds of Bi, the heaviest nonradioactive element, form infrared (IR) quantum dots, thermoelectrics, layered structures, multiferroics, photoanodes, photocatalysts, and topological insulators. 31, 32 Chalcogens. Post-oxygen chalcogens (S, Se, and Te) are important in nanotechnology because of quantum dots, selforganized superlattices, semiconductor nanostructures, heterostructures, solar cells, nanocell thermoelectric materials, energy conversion and storage, nanowires and nanolasers, single-layer dispersions, and LEDs. 18, 21, 30, 33, 34 Sulfur is a component of quantum dots as well, but also is involved in some special applications such as self-assembling thiol monolayers, soft lithography, Li−S batteries, graphene doping, and disulfide memristors. 35−37 Halogens. Heavy halogens, such as I, are the components of traditional Graetzel-type and modern perovskite solar cells and perovskite quantum dots (lead halide perovskites). 38, 39 Bromine and Cl are components of popular ionogenic surfactants. Chlorides are biocompatible and form various saline and buffer systems for biomaterials; these anions can control the growth of noble metal nanoparticles such as Ag. Ionic liquids are known for halide and polyhalide anions. 38, 40 Fluorine in fluorides is used in applications related to luminescence and bioimaging, doped conducting oxides, upconvertion materials, and dielectric elastomers (fluoroplastics). 41 Light Transition Metals. Scandium is formally the first delement, and its small size favors its use in metallofullerenes and ferroelectrics. Titanium is one of the most common components of various nanomaterials, including 2D TiS 2 and TiO 2 nanoparticles with commercial applications in photocatalysis, water splitting, photoprotection, solar cells, high-rate anode materials with zero expansion, and multyferroics. Titanium is a key component of 2D carbides and nitrides (MXenes), such as Ti 2 C and Ti 3 C 2 or Ti 4 N 3 , and is used in biocompatible alloys and coatings. 3, [14] [15] [16] 43 Scandium and Ti have no d-electrons in their highest oxidation state and, therefore, do not demonstrate the magnetic properties that are typical for other d-elements. The next d-element, V, has a wide range of oxidation states (e.g., in MXenes like V 2 C or oxides like VO 2 ). Vanadium(IV) and Vanadium(V) covalently bond to O instead of forming metallic ions. Vanadium(IV) retains one d-electron, and, therefore, VO 2 is known as a magnetic conducting multifunctional metamaterial. 44 Vanadium(V) has no d-electrons and is also nonmagnetic, but vanadia precursors demonstrate a unique polymerization ability by olation and oxolation, thus forming aero-and xerogels, inorganic liquid crystals, nanotubes, nanobelts, hybrid organic− inorganic materials, catalysts, solar water splitting nanomaterials, thermochromic materials, phosphors, BiMeVO x ionic conductors, insertion battery materials, and supercapacitors. 3, 31, 45, 46 Magnetic Transition Metals. Of the magnetic d-elements, Mn, Fe, Co, and Ni are the most relevant for nanotechnology. Manganese is useful for materials and heterostructures with giant magnetoresistivity for spintronics, octahedral molecular sieves, electrochemical batteries and supercapacitors, oxygenreduction systems, catalysts for fuel cells and as a ferromagnetic dopant. 47 The low cost, easy production, and biocompatibility of superparamagnetic iron oxide nanoparticles with their d 5 stable Fe(III) configuration makes Fe the most in-demand element for widespread applications including magnetic hyperthermia, drug delivery, magnetic fluids, bioimaging, and theranostics. 48−50 In addition, Fe compounds are the components of multiferroic composites, metal-organic frameworks, low-cost water-splitting systems, LiFePO 4 cathode materials, and catalysts for carbon nanotube (CNT) growth. 27, 51 Cobalt and Ni are also CNT catalysts, while Ni also serves as a substrate for high-quality epitaxial graphene growth. 52 Both Co and Ni are used for electrochemical energy systems, batteries, oxygen-reduction fuel cells, magnetic nanowires, multiferroic nanocomposites, metallic glasses, superalloys, and shape memory alloys and as electrocatalysts for hydrogen evolution, dopants in solar energy systems, and catalysts.
Post-Transition Elements. Zinc, Cd, and Hg have completed d-shells (d 10 configuration) and are sometimes considered to be post-transition metals with no magnetic applications and no d−d transitions. At the same time, they are not as ionic in their divalent compounds compared to alkali earth elements. Therefore, a partial contribution of covalent bonding becomes possible, especially for Hg. Cadmium is used in quantum dots (CdS, CdSe, CdTe, etc.), nanostructured semiconductors, solar cell sensitizers, bioimaging agents, LEDs, and nanolaser components. 21 Due to its toxicity, Hg is used less in nanotechnology, with applications only in iron−mercury magnets, thermoelectrics, and IR luminescence. 53 Cd and Hg demonstrate a strong affinity to chalcogens, according to the Pearson's theory, whereas the only nontoxic post-transition metal, Zn, attracts oxygen and produces semiconducting oxide nanostructures (ZnO nanowires, nanorods, nanobelts, tetrapods) and metal−organic frameworks (MOFs) for photocatalysis, nanolasers, quantum dots, solar energy, optoelectronic devises, sensors, and piezoelectrics. 54, 55 This combination makes Zn the clear leader in this family.
Zirconium, Hafnium, Niobium, and Tantalum. These elements form two pairs of elements with chemical features that are quite different from their respective Ti and V analogues due to larger atomic numbers and electron shell penetration effects. The lanthanide contraction effect makes either the Zr and Hf or Nb and Ta pairs to be similar in chemistry to their extremely stable oxide compounds, resulting in similar nanotechnological applications. The highest oxidation states of +4 and +5, respectively, guarantee no magnetic applications, but Zr, Nb, and Ta form useful ferroelectrics and nonlinear optical materials with engineered ferroelectric domain structures. Zirconia is one of the best-known membrane (oxygen superionic) materials for solid oxide fuel cells (SOFC). 56 Hafnium oxide is used as a highk dielectric in nanoscale electronics. 57 Their carbides and nitrides form a variety of 2D MXenes with unique properties. 14−16 Molybdenum and Tungsten. These elements are dissimilar from chromium and prefer the highest oxidation states (+6) in stable oxide compounds, whereas chromates are oxidizers. Another possible oxidation state (+4) is realized in typical disulfides, forming interesting and highly unique layered, nanotubular, fullerene-like nanomaterials. As a result, Mo and W are used in memristors, transistors, catalysts, electrocatalysts, and sensors, for lithium storage, and within polyoxometalate compounds. 35, 58, 59 In addition, Mo 2 C has attracted attention in catalysis, particularly for the hydrogen evolution reaction (HER), as both nanoparticles and nanosheets (MXenes).
Platinoids and Noble Metals for Catalysis and Plasmonics. The last two families of elements of the d-block are centered around Pt (platinoids) and Au (noble metal). These elements demonstrate low chemical activity and moderate biocompatibility; therefore, they are widely utilized in the form of metallic nanostructures. The predominant application of Pt is as a catalyst for HER and many other processes; less attention is paid to its use in ferromagnets and sensors due to the cost of Pt. 60, 61 The same is true for the less expensive Pd, which also has unique uses in hydrogen separation ACS Nano Perspective membranes. 62 Rhodium, Ru, expensive and rare Os, and Ir are excellent catalysts and electrocatalysts as well. 60 Additives of Ru compounds are specifically used in solar cells and supercapacitors, whereas Ir complexes are applied in LEDs and organic light-emitting diodes (OLEDs).
Silver and gold differ from other noble metals in their chemistry and applications. They serve as catalysts, conductors in electronics, and as single molecular junctions in nanoelectronics; Ag is also known for its antimicrobial activity. 63 Other important applications include plasmonics and surfaceenhanced Raman spectroscopy (SERS) for ecology, biology, and medicine. These applications require the development of chemical and physical approaches to the design of particular shapes and sizes in nanoparticle ensembles and, thus, is related to the processes of homogeneous and heterogeneous nucleation as well as anisotropic nanoparticle growth. 64−66 In addition, Au has further applications in self-assembly, soft lithography, and photothermal therapy. 67, 68 Copper is in the same group as Ag and Au, but chemically is closer to Ni.
Lanthanide Compounds for Imaging. Because felectrons are internal and not as spread out as d-orbitals, filling the f-shell has little effect on elements' chemistries but reduces their radii by about 15% (lanthanide contraction). As a result, these elements do not have such drastic changes and diversity in properties, as is the case with d-elements. However, f-elements have complex spin−orbital interactions as multielectron systems, thus making them attractive for optics, LEDs and OLEDs, bioimaging, upconversion materials (La, Eu), as a part of manganites with giant magnetoresistance, intermetallics for hydrogen storage, SOFC membrane doping, pinning centers in high-temperature superconductors (Y), as contrast agents for magnetic resonance imaging (Gd), and oxide quantum dots (CeO 2 ). 41, 69 Elements with Minor but Important Roles. The overall picture of elements relevant in nanotechology would be incomplete without including those that are not commonly used in nanomaterials but support the development of nanomaterials, such as inert gases. 70 Nanostructured Alloys. Marine and aerospace construction materials are often made of nanostructured metal alloys and composites. For example, Sc is used in superalloys despite its high cost. 71 Although toxic, Be is used to create nanocrystalline and amorphous metals and X-ray windows. The d 6 configuration makes Cr the first d-element with focused magnetic applications in high-entropy alloys and ferromagnetic metallic glasses. 47 Additional examples are mentioned earlier for Ni and Ti 72 among others.
Isotopes and Radioactive Elements. Isotopes, being a feature of the periodic table of elements, become increasingly important as isotopic separation becomes more commonly used. Two isotopes of H (H and 2 H) are used in nuclear magnetic resonance (NMR) investigations of nanomaterials, and radioactive 3 H enables compound labeling and investigations of isotope effects and, potentially, may play a role in the development of future thermonuclear energetics. The 63 Ni isotope is useful for the growing betavoltaic area, for instance, in combination with graphene. 73 Technetium (eka-manganese by D. Mendeleev) is radioactive, and its complexes and nanoparticles are used in medicine for organ and bone diagnostics because of the β-radiation of its isotopes. 74 All the actinide felements are radioactive, and some of them are used for nuclear energy production (U, Pu) and in medicine. Multifunctional Hybrid Materials. Hybrid organic− inorganic materials are applied in multifunctional devices because of the unique combinations and cross-correlations of their functional properties. Many elements come together in chemical compounds, and hybrid materials containing multiple elements are being developed, such as high-entropy alloys and metal carbides/nitrides, which may contain five or more metals. Multielement MXenes, combining transition metals with C, N, or both, provide an example of how a variety of elements can be used to design nanomaterials with diverse and useful properties (Figure 3) . Recently, the fourth group of elements has demonstrated another example of the quick rise of hybrid materials. Indeed, Pb demonstrates classical applications in thermoelectrics, multiferroics, and quantum dots, but, recently, hybrid perovskites for solar cells have risen to prominence. 38, 39 Such cells demonstrate good "cooperation" between Pb in the light-absorbing perovskite layers, Ti in mesoporous titania blocking layers, Sn in ITO transparent conducting layers, Si in covering protective (sealing) glasses, and C in organic cations like methilammonia, formamidinium, etc.
Nanotechnological Oasis of the Elements. A lesson from nanotechnology is that an element's individuality is more important than periodicity; the known "similar" elements are actually nanotechnologically dissimilar and, in most cases, are not replaceable as we used to imagine in traditional sciences. Thus, most elements, except those in the common nanomaterials described above, have narrower but still important fields of use in nanotechnology. It is noteworthy that ca. 30 of the 118 primary elements are in high demand (Figure 1) for single-and multicomponent nanostructured materials. Most of those in demand are abundant and inexpensive light elements with large geological resources and reasonable biocompatibility, chemically inert elements, or elements with special redox and crystal chemistry. The presented nanotechnological impact of the periodic table is evidence of those elements' popularity and the interplay of several key features. In these terms, the roles of groups, periods, and families of elements in elaboration and applications of nanomaterials are focused on a few major distinct application areas, namely in electrochemical applications; hydrogen and solar energetics; electro-and photocatalysis; theranostics; health care and medicine; 75 optical applications; magnetic recording; transferring, handling, and displaying information in information technology and electronics; and advancing novel structural materials for the aerospace and automotive industries. Nanotechnology uses the best chemical features of the elements and brings them to a practical plane and opens new properties (e.g., different colors or catalytic effects of Au nanoparticles, which bulk Au does not show). Deep knowledge of a particular element's chemistry is utilized in full for enabling new applications and for the nanoscale engineering of the structures and architectures of nanomaterials. 2 Production processes simultaneously include tailoring physical (magnetic, electrical, and optical) properties and building up nanostructures with predetermined motives, sizes, and shapes, while, in general, nanomaterials follow the periodicity law to a lesser extent. Chemistry enables us to combine elements into nanoscale structures with increasing complexity (Figure 3 ) to achieve new properties and to target advanced applications. An important final point is nanosafety and respective regulations of nanomaterials, which may force the selection of biocompatible elements for nanomaterial production. The fates of nanoparticles in the environment can be difficult to control, and inhalation and skin exposure are difficult to avoid, so it is important to consider materials that are safe by design. 76 The 150 year-old periodic table of the elements helps us appreciate the chemical diversity of elements in the search for effective elemental combinations to produce new nanomaterials. The diversity of elements in the periodic table will enable further innovative developments in nanoscience and nanotechnology.
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